Montclair State University

Montclair State University Digital
Commons
Department of Applied Mathematics and
Statistics Faculty Scholarship and Creative
Works

Department of Applied Mathematics and
Statistics

4-1-2017

Hemodynamic Differences Between Unstable and Stable
Unruptured Aneurysms Independent of Size and Location: A Pilot
Study
Waleed Brinjikji
Mayo Clinic Rochester, MN

Bong Jae Chung
Montclair State University, chungb@mail.montclair.edu

Carlos Jimenez
INOVA Fairfax Hospital

Christopher Putman
George Mason University

David F. Kallmes
Mayo Clinic Rochester, MN
Follow this and additional works at: https://digitalcommons.montclair.edu/appliedmath-stats-facpubs
See next page for additional authors
Part of the Applied Mathematics Commons, and the Applied Statistics Commons

MSU Digital Commons Citation
Brinjikji, Waleed; Chung, Bong Jae; Jimenez, Carlos; Putman, Christopher; Kallmes, David F.; and Cebral,
Juan R., "Hemodynamic Differences Between Unstable and Stable Unruptured Aneurysms Independent of
Size and Location: A Pilot Study" (2017). Department of Applied Mathematics and Statistics Faculty
Scholarship and Creative Works. 69.
https://digitalcommons.montclair.edu/appliedmath-stats-facpubs/69

This Article is brought to you for free and open access by the Department of Applied Mathematics and Statistics at
Montclair State University Digital Commons. It has been accepted for inclusion in Department of Applied
Mathematics and Statistics Faculty Scholarship and Creative Works by an authorized administrator of Montclair
State University Digital Commons. For more information, please contact digitalcommons@montclair.edu.

Authors
Waleed Brinjikji, Bong Jae Chung, Carlos Jimenez, Christopher Putman, David F. Kallmes, and Juan R.
Cebral

This article is available at Montclair State University Digital Commons: https://digitalcommons.montclair.edu/
appliedmath-stats-facpubs/69

Hemorrhagic stroke

ORIGINAL RESEARCH

Hemodynamic differences between unstable and
stable unruptured aneurysms independent of size
and location: a pilot study
Waleed Brinjikji,1 Bong Jae Chung,2 Carlos Jimenez,3 Christopher Putman,4
David F Kallmes,1 Juan R Cebral2
1
Department of Radiology, Mayo
Clinic, Rochester, Minnesota,
USA
2
Department of Bioengineering,
Volgenau School of Engineering,
George Mason University,
Fairfax, Virginia, USA
3
Department of Neurosurgery,
University of Antioquia,
Medellin, Colombia
4
Department of Interventional
Neuroradiology, Inova Fairfax
Hospital, Falls Church, Virginia,
USA

Correspondence to
Dr Waleed Brinjikji, Department
of Neuroradiology, Mayo Clinic,
200 1st St SW, Rochester, MN
55901, USA; brinjikji.waleed@
mayo.edu
Received 8 February 2016
Revised 8 March 2016
Accepted 12 March 2016
Published Online First
5 April 2016

ABSTRACT
Background While clinical and angiographic risk
factors for intracranial aneurysm instability are well
established, it is reasonable to postulate that intraaneurysmal hemodynamics also have a role in aneurysm
instability.
Objective To identify hemodynamic characteristics that
differ between radiologically unstable and stable
unruptured intracranial aneurysms.
Materials and methods 12 pairs of unruptured
intracranial aneurysms with a 3D rotational angiographic
set of images and followed up longitudinally without
treatment were studied. Each pair consisted of one
stable aneurysm (no change on serial imaging) and one
unstable aneurysm (demonstrated growth of at least
1 mm diameter or ruptured during follow-up) of
matching size (within 10%) and locations. Patientspeciﬁc computational ﬂuid dynamics models were
created and run under pulsatile ﬂow conditions. Relevant
hemodynamic and geometric variables were calculated
and compared between groups using the paired
Wilcoxon test.
Results The area of the aneurysm under low wall shear
stress (low shear stress area (LSA)) was 2.26 times larger
in unstable aneurysms than in stable aneurysms
( p=0.0499). The mean aneurysm vorticity was smaller
by a factor of 0.57 in unstable aneurysms compared
with stable aneurysms ( p=0.0499). No statistically
signiﬁcant differences in geometric variables or shape
indices were found.
Conclusions This pilot study suggests there may be
hemodynamic differences between unstable and stable
unruptured cerebral aneurysms. In particular, the area
under low wall shear stress was larger in unstable
aneurysms. These ﬁndings should be considered
tentative until conﬁrmed by future larger studies.
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Longitudinal and cross-sectional studies of patients
with unruptured and ruptured aneurysms have
demonstrated a number of clinical and angiographic variables associated with aneurysm growth
and rupture.1–4 The most well-established risk
factor for aneurysm growth and rupture is aneurysm size, as larger aneurysms are more prone to
rupture than small aneurysms. However, a majority
of ruptured aneurysms are small, thus limiting the
clinical applicability of this ﬁnding. Aneurysm location is another variable associated with rupture, as
aneurysms located at bifurcation points, such as the

basilar tip, middle cerebral artery, and anterior
cerebral artery/anterior communicating artery, are
known to have higher rupture risk than aneurysms
at other locations. Clinical variables associated with
aneurysm growth and rupture include patient
smoking history, decreasing patient age, family
history of subarachnoid hemorrhage, hypertension,
and presence of multiple aneurysms.5–7
While clinical and angiographic risk factors for
aneurysm rupture and growth are well established,
it is reasonable to assume that intra-aneurysmal
hemodynamics also have a signiﬁcant role in aneurysm growth and rupture. Computational ﬂuid
dynamic models have demonstrated that a number
of hemodynamic parameters are associated with
aneurysm growth and rupture.8 9 In order to study
the role of hemodynamic parameters in aneurysm
progression, we performed a case–control study
examining various computational ﬂuid dynamic
(CFD) parameters in two groups of location- and
size-matched aneurysms: (1) unruptured aneurysms
without evidence of progression at long-term
follow-up and (2) unruptured aneurysms with
imaging evidence of growth or rupture at
follow-up.

PATIENTS AND METHODS
Patient selection
After institutional review board approval, a total of
24 patients with unruptured aneurysms with serial
imaging follow-up at a single site were included in
this study. A total of 300 aneurysms which had
received DSA between January 2009 and
December 2013 were screened, producing 12
matching pairs. In these multiple matched pairs, we
included only stable aneurysms with the longest
follow-up. Aneurysms were matched by location
and size. For the size matching, the size difference
between matched pairs had to be within 10% (eg,
4 mm aneurysms could be matched with an aneurysm ranging from 3.6 to 4.4 mm). Inclusion criteria
were the following: (1) at least one baseline 3D
rotational angiographic set of images, (2) serial
imaging of the aneurysm with either CT angiography, MR angiography, or conventional angiography, and (3) growth of the aneurysm on imaging
follow-up or documented stability of the aneurysm
with serial intracranial vascular imaging, with the
ﬁrst and last 3D rotational angiographic images
spaced at least 12 months apart. Aneurysms that
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presented as ruptured and those lacking serial imaging were
excluded from this study.

Patient groups and imaging assessment
Patients/aneurysms were divided into two groups: (1) stable
aneurysms deﬁned as unruptured aneurysms without documented evidence of growth or rupture on follow-up imaging (at
least 12 months apart) and (2) unstable aneurysms deﬁned as
unruptured aneurysms with evidence of growth or rupture on
follow-up imaging. Aneurysm growth was deﬁned as increase in
aneurysm size of at least 1.0 mm in maximum dimension on
cross-sectional or angiographic imaging. All images were interpreted by one neuroradiologist.
In addition to aneurysm size, location, and stability, the following data were collected: age at diagnosis, sex, current
tobacco use, family history of aneurysm or subarachnoid hemorrhage (SAH), personal history of SAH, and race (white
non-Finnish, Hispanic, Black, Japanese, and Finnish). The
PHASES score was calculated for each patient/aneurysm.5 6

Aneurysm modeling
The methods used for aneurysm modeling have been described
previously by Cebral et al.10 Patient-speciﬁc vascular models
were constructed from the 3D images obtained at the initial
examination. Segmentation was carried out using region
growing and deformable models.10 Models were smoothed and
truncated perpendicularly to the vessel axis, keeping as much of
the proximal parent artery as possible to ensure proper representation of secondary swirling ﬂows in the parent artery and
aneurysm oriﬁce.11 Unstructured grids were generated with a
resolution of 0.2 mm. Blood was approximated as a Newtonian
ﬂuid with density ρ=1.0 g/cm3 and viscosity μ=0.04 Poise. The
incompressible Navier–Stokes equations were numerically
solved using in-house ﬁnite elements solver. Pulsatile ﬂow
boundary conditions were imposed at the model inlet using the
Womersley proﬁle. The ﬂow waveform was derived from phasecontrast MR measurements in the internal carotid artery and
vertebral artery of normal subjects12 and scaled with the inlet
boundary area.13 Inlet boundaries were the internal carotid
artery for anterior circulation aneurysms and the vertebral arteries for posterior circulation aneurysms. The ﬂow from the
parent artery was split among the outlet boundaries according
to the principle of minimum work (Murray’s law).14 Wall compliance was neglected and no-slip boundary conditions were
applied at the walls. Numerical simulations were carried out for
two cardiac cycles and the ﬂow ﬁeld was saved at 0.01 s intervals during the second cycle for subsequent analysis.

Hemodynamic analysis
Aneurysm necks were delineated on the reconstructed models.
A few points on the neck were interactively selected and connected along lines of minimum geodesic distance. Next, the
aneurysm oriﬁce was triangulated and used to subdivide the computational mesh into two regions corresponding to the aneurysm
and the parent artery. A number of ﬂow variables deﬁned on the
aneurysm surface, volume, or oriﬁce were quantiﬁed and used to
characterize the aneurysm hemodynamics. Volumetric factors
included: mean aneurysm kinetic energy; mean aneurysm velocity; mean aneurysm shear rate (a measure of the deformation
of the ﬂuid elements); mean aneurysm vorticity (VO) (a measure
of the rotational velocity of ﬂuid elements); mean aneurysm
viscous dissipation; and vortex coreline length (corelen), which
provides a measure of the complexity of the aneurysmal ﬂow
structure.15 Surface factors included mean, maximum, and

minimum wall shear stress (WSS, WSSMAX, WSSMIN) computed over the aneurysm sac; shear concentration index, which
measures the degree of concentration of the WSS distribution;
percentage of the aneurysm area under low WSS (LSA), where
low WSS is deﬁned as 1 SD below the mean WSS in the parent
artery; and mean oscillatory shear index. Hemodynamic factors
deﬁned over the aneurysm oriﬁce included mean inﬂow rate and
inﬂow concentration index, which measures the degree of concentration of the inﬂow stream. Additionally, a number of geometric variables were calculated, including aneurysm size
(maximum distance between two points on the dome); aneurysm
depth (maximum distance from the aneurysm dome to the
oriﬁce); maximum neck size; aneurysm area; neck area; and
aspect ratio. More details and exact deﬁnitions of these variables
are provided by Mut et al.16

Statistical analysis
Mean values of hemodynamics and geometric variables over the
growing and stable aneurysm groups were calculated and compared. Non-parametric paired Wilcoxon rank sum tests were
performed to determine the statistical signiﬁcance of the hemodynamic differences between growing and stable aneurysms. We
performed a subgroup analysis of aneurysms of ≤7 mm to determine if any differences could be detected in this subset. When
comparing baseline clinical data, Student’s t test was used for
comparison of continuous variables and a χ2 test was used for
comparison of categorical variables. Differences were considered
statistically signiﬁcant if the two-tailed p values were <0.05
(95% conﬁdence).

RESULTS
Patient and aneurysm characteristics
A total of 24 patient-aneurysms were included in this study.
Twelve were in the stable group and 12 in the unstable group.
Table 1

Patient and aneurysm characteristics

Characteristics

Stable

Unstable

p Value

Age (years), mean (SD)
Female, N (%)
Race, N (%)
White non-Finnish
Black
Hispanic
Hypertension, N (%)
Current smoker, N (%)
Family history of aneurysm, N (%)
History of SAH, N (%)
Aneurysm size (mm), mean (SD)
≤7, N (%)
>7, N (%)
Aneurysm location
AcomA
Basilar
Cavernous ICA
Supraclinoid ICA
MCA
PCA
PICA
PHASES score, mean (SD)

66.2 (14.6)
10 (83.3)

65.4 (9.2)
12 (100.0)

0.88
0.14

11 (91.7)
1 (8.3)
0 (0.0)
4 (33.3)
5 (41.7)
3 (25.0)
2 (16.7)
7.3 (4.4)
9 (75.0)
3 (25.0)

8 (66.7)
2 (16.7)
2 (16.7)
6 (50.0)
2 (16.7)
1 (8.3)
1 (8.3)
7.6 (4.1)
8 (66.7)
4 (33.3)

0.25

2 (16.7)
2 (16.7)
3 (25.0)
2 (16.7)
1 (8.3)
1 (8.3)
1 (8.3)
5.7 (2.0)

2 (16.7)
2 (16.7)
3 (25.0)
2 (16.7)
1 (8.3)
1 (8.3)
1 (8.3)
5.1 (2.1)

0.41
0.37
0.27
0.54
0.89
0.65
1

0.49

AcomA, anterior communicating artery; ICA, internal carotid artery; MCA, middle
cerebral artery; PCA, posterior cerebral artery; PICA, posterior inferior cerebellar artery;
SAH, subarachnoid hemorrhage.
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Mean±SD patient age in the stable and unstable groups were
66.2±14.6 vs 65.4±9.2, respectively ( p=0.88). There was no
difference in sex distribution ( p=0.14), race distribution
( p=0.25), hypertension status ( p=0.41), family history
( p=0.27), or history of SAH ( p=0.54) between groups. Mean
aneurysm size was 7.3±4.4 mm in the stable group and
7.6±4.1 mm in the unstable group ( p=0.89). There was no difference in aneurysm location between the groups ( p=1.00).
This conﬁrms an adequate matching of aneurysm pairs by size
and location. Mean±SD PHASES score was 5.7±2.0 in the
stable group and 5.1±2.1 in the unstable group ( p=0.49).
These data are summarized in table 1.

Unstable versus stable aneurysms
The ratios of the mean values of shape, geometric features, and
hemodynamics of unstable versus stable aneurysms are provided
in ﬁgure 1A–B. In these graphs, bars above or below 1 indicate
that the mean value of the corresponding variable is on average
larger or smaller, respectively, in unstable than in stable unruptured aneurysms and show by how much. Statistically signiﬁcant
differences are indicated by an asterisk by the name of the given

variable. There were no statistically signiﬁcant differences in any
of the geometric or shape parameters between the stable and
unstable groups (ﬁgure 1A). When various hemodynamic parameters were compared between the unstable and stable groups,
the area of the aneurysm under low wall shear stress (LSA) was
2.26 times larger in unstable aneurysms than in stable aneurysms
(p=0.0499). The mean aneurysm VO was smaller by a factor of
0.57 in unstable aneurysms compared with stable aneurysms
(p=0.0499) (table 2; ﬁgure 1B). In a subgroup analysis of
matched pairs in which both aneurysms measured ≤7 mm
(seven pairs, 14 aneurysms), LSA was 2.04 times larger in the
unstable group, but this difference was not statistically signiﬁcant (p=0.13). Mean VO was smaller by a factor of 0.49 in
unstable aneurysms, but this difference was also not statistically
signiﬁcant ( p=0.18). Representative examples of stable and
unstable aneurysms are shown in ﬁgures 2–4.

DISCUSSION
Our size- and location-matched case–control study of 24 stable
and unstable aneurysms suggests that there are signiﬁcant differences in the area of the aneurysm under low WSS and in the
mean aneurysm VO between these two groups. Aneurysms that
were unstable had a higher area under low WSS and had a
smaller mean VO than stable aneurysms. These ﬁndings are
important as they suggest that CFDs might provide prognostic
information about the risk of aneurysm growth or rupture that

Table 2 Mean and SD of hemodynamic and geometric variables
over the stable and unstable aneurysm groups, and corresponding p
values of the paired Wilcoxon test
Unstable
Variable

Figure 1 Graphical representation of hemodynamic parameters in
unstable and stable aneurysms. (A) Aneurysm geometry. Avol,
aneurysm volume; Asize, aneurysm size; Aarea, aneurysm surface area’
Nsize, aneurysm neck size; Narea, aneurysm neck area; Depth,
aneurysm depth; AR, aspect ratio (depth/neck). (B) Aneurysm
hemodynamics. corelen, coreline length; ICI, inﬂow concentration index;
KE, kinetic energy; LSA, aneurysm area under low WSS; OSI, oscillatory
shear index; SCI, shear concentration index; SR, shear rate; VD, viscous
dissipation; VE, velocity; VO, vorticity; WSS, wall shear stress;
WSSMAX, maximum wall shear stress; WSSMIN, minimum wall shear
stress.
378

Hemodynamics
Arterial flow (cm3/s)
ICI
Q (cm3/s)
KE (erg)
SR (L/s)
VE (cm/s)
VO (L/s)
VD (erg)
WSSmax (dyne/cm2)
WSSmin (dyne/cm2)
WSSmean (dyne/cm2)
LSA (%)
SCI
OSImax
OSImean
Corelen (cm)
Podent
Geometry
Avol (cm3)
Asize (cm)
Aarea (cm2)
Nsize (cm)
Narea (cm2)
Depth (cm)
AR

Stable

Mean

SD

Mean

SD

p Value

2.82
1.09
1.00
156.16
141.10
8.80
195.22
520.50
226.76
0.34
14.50
56.18
5.25
0.32
0.02
2.02
0.23

1.69
0.79
0.73
128.17
83.92
4.65
119.21
612.01
138.90
0.57
9.13
34.18
5.08
0.08
0.02
1.44
0.14

2.38
1.27
1.29
301.90
234.66
12.71
339.28
1497.38
279.47
0.47
25.31
24.79
3.30
0.33
0.01
2.22
0.19

0.66
0.57
0.76
249.01
179.95
5.73
267.67
2476.02
173.25
1.00
19.00
25.29
1.66
0.11
0.01
1.45
0.11

0.2349
0.3465
0.2393
0.1579
0.0712
0.1823
0.0499
0.1579
0.4802
0.5303
0.1361
0.0499
0.5829
0.3078
0.6949
0.6379
0.4328

0.22
0.87
1.49
0.55
0.25
0.57
1.15

0.62
40.28
23.71
0.30
0.33
1.34
0.19

0.23
0.86
1.45
0.63
0.33
0.53
0.87

0.43
42.73
24.11
0.42
0.40
1.57
0.31

0.6949
1.0000
0.8139
0.3882
0.5303
0.8753
0.1167

AR, aspect ratio; ICI, inflow concentration index; KE, kinetic energy; LSA, low shear
stress area; OSI, oscillatory shear index; SCI, shear concentration index; SR, shear rate;
VD, viscous dissipation; VE, velocity; VO, vorticity; WSS, wall shear stress.
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Figure 2 Example of unstable 8 mm
cavernous internal carotid artery
aneurysm. This aneurysm had grown
2 mm at the 1-year follow-up. (A)
Vortex (V) analysis demonstrates a
complex vortex structure with two
main small vortices. (B) Wall shear
stress (WSS) analysis demonstrates
heterogeneous wall shear stress with a
large area of the aneurysm dome
under low shear stress (80% total).
There is high wall shear stress of the
parent artery due to curvature and
tortuosity.

is independent of aneurysm location and size. In particular,
hemodynamics information could augment current risk factors
used in the PHASES scale. Ultimately, these results must be conﬁrmed with larger studies with a single a priori hypothesis.
A number of previous studies have examined various CFD
parameters associated with aneurysm growth or rupture.
Findings related to either low WSS or a high aneurysm area
under low WSS have been consistently reported as variables
associated with unstable and/or ruptured aneurysms. For
example, one previous study of 33 aneurysms found that area
under low WSS and WSSMIN was 94% accurate in discriminating between stable and unstable aneurysms.17 In this particular
previous study, there was a trend towards higher LSA values in
unstable than in stable aneurysms.17 Another study analyzing
hemodynamics in seven growing aneurysms found that growth
occurs in regions of abnormally low WSS.18 A large study of
over 100 ruptured and unruptured aneurysms found that low
WSS was independently associated with aneurysm rupture
status.19 One recently published meta-analysis studying hemodynamic factors associated with aneurysm rupture found that
mean and normalized WSS were signiﬁcantly lower, and low
shear area was signiﬁcantly higher, in ruptured than in unruptured aneurysms.20 Similar to these studies, our study of 24
aneurysms matched by size and location suggests that a large
area under low WSS, independent of size and location, is associated with aneurysm instability.
The presence of low WSS in the aneurysm dome is thought
to place the aneurysm at higher risk of growth and rupture
because endothelial cells exposed to a low WSS are associated
with an elevated oxidative state, undergo increased apoptosis
and increased cell turnover, and have a gene expression pattern
associated with proinﬂammatory signal pathways.21–26 Such an
inﬂammatory milieu combined with apoptosis of the endothelial
layer can potentially weaken the aneurysm wall and result in
future growth or rupture. Based on prior studies, it is difﬁcult

to discern whether low WSS is a causal factor for rupture or a
post-rupture phenomenon. Our study, and others, point to the
hypothesis that low WSS in the aneurysm dome may be one
causal factor for rupture and growth as none of the aneurysms
that underwent CFD analysis were ruptured at the time of analysis.19 20 27 High WSS has also been associated with damage to
the vascular wall, especially during aneurysm formation, as well
as with aneurysm rupture.19 27 A large area under low WSS is
also consistent with high WSS effects concentrated or focalized
in a small area of the aneurysm. The shear concentration index
was larger in the unstable group in our study, but this trend did
not reach statistical signiﬁcance.
VO is another factor that was shown to be associated with
aneurysm instability in our study. Variables such as VO provide
information about the rotation of ﬂuid elements as they are
transported with the ﬂow. Prior studies examining aneurysm
vortices have found that complex ﬂow patterns and multiple
vortices are associated with ruptured aneurysms.28 29 Such
complex ﬂow patterns are thought to increase inﬂammatory cell
inﬁltration in the aneurysm wall and could suggest a propensity
to develop intrasaccular thrombus. In general, the simple stable
ﬂow patterns seen in stable aneurysms are associated with a
large vortex, whereas the complex unstable ﬂow patterns in
unstable growing and ruptured aneurysms are more likely to
result in multiple smaller vortices, as shown in our study. Our
study found that unstable aneurysms had a smaller VO value
than stable aneurysms, a ﬁnding which has yet to be demonstrated in a size- and location-matched case–control study.

Limitations
Our study has some limitations. Although this was a case–
control study, in which all aneurysms were matched by size and
location, the aneurysms included in this study may still have suffered from selection bias as aneurysms selected for conservative
management are often considered less likely to grow or rupture

Figure 3 Example of unstable 5 mm
basilar tip aneurysm. This aneurysm
had grown 1.5 mm at the 1-year
follow-up. (A) Vortex (V) analysis
demonstrates a complex inﬂow pattern
with two main vortex structures. (B)
Wall shear stress (WSS) analysis
demonstrates a small region of high
wall shear stress at the neck of the
aneurysm but a majority of the
aneurysm dome (90%) is under low
wall shear stress.
Brinjikji W, et al. J NeuroIntervent Surg 2017;9:376–380. doi:10.1136/neurintsurg-2016-012327
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Figure 4 Example of stable 5 mm
basilar tip aneurysm. This aneurysm
was stable at the 2 year follow-up. (A)
Vortex (V) analysis demonstrates a
single vortex with simple ﬂow through
the aneurysm. (B) Wall shear stress
(WSS) analysis demonstrates fairly
uniform wall shear stress comparable
to that of the parent artery. There is
an area of low shear stress at the
aneurysm bleb; however, the aneurysm
remained stable on follow-up.

to begin with. Given the minimum follow-up time of 12 months
to conﬁrm aneurysm stability, it is possible that some very
slowly growing aneurysms were included in the stable group.
Owing to the relatively small sample size, our study was probably underpowered to detect smaller differences in various parameters between the stable and unstable groups. Our subgroup
analysis of aneurysms of ≤7 mm is also severely limited owing
to low power. Furthermore, CFD models make many assumptions, such as rigid aneurysm walls, Newtonian ﬂow, and
normal physiologic conditions. The coarse temporal resolution
used in these simulations may mask ﬂow instabilities. Finally, we
did not correct statistically for multiple comparisons in this
exploratory study. If a Bonferroni correction were applied, the
signiﬁcance would be completely lost. Thus, it important for
readers to consider these ﬁndings cautiously until they are conﬁrmed by larger studies with a single a priori hypothesis.

3

4
5
6

7

8
9
10

11

CONCLUSIONS
This pilot study indicates that there may be hemodynamic differences between unstable and stable unruptured cerebral aneurysms that are independent of aneurysm size and location. In
particular, the area under low WSS was larger in unstable aneurysms. This result is consistent with previous studies that compared growing and stable17 as well as ruptured and unruptured
aneurysms.20 Since the associations with rupture found in our
study are independent of size and location, they have the potential to add extra information valuable for assessment of aneurysm risk. These ﬁndings should be considered tentative until
conﬁrmed by future larger studies.
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